The occurrence and abundance of microbial fatty acids have been used for the identification of microorganisms in microbial communities. However, these fatty acids can also be used as indicators of substrate usage. For this, a systematic investigation of the discrimination of the stable carbon isotopes by different microorganisms is necessary. We grew 11 strains representing major bacterial and fungal species with four different isotopically defined carbon sources and determined the isotope ratios of fatty acids of different lipid fractions. A comparison of the differences of ␦ 
The occurrence and abundance of microbial fatty acids have been used for the identification of microorganisms in microbial communities. However, these fatty acids can also be used as indicators of substrate usage. For this, a systematic investigation of the discrimination of the stable carbon isotopes by different microorganisms is necessary. We grew 11 strains representing major bacterial and fungal species with four different isotopically defined carbon sources and determined the isotope ratios of fatty acids of different lipid fractions. A comparison of the differences of ␦ 13 C values of palmitic acid (C 16:0 ) with the ␦ 13 C values of the substrates revealed that the isotope ratio is independent of the growth stage and that most microorganisms showed enrichment of C 16:0 with 13 C when growing on glycerol. With the exception of Burkholderia gladioli, all microorganism showed depletion of 13 C in C 16:0 while incorporating the carbons of glucose, and most of them were enriched with 13 C from mannose, with the exception of Pseudomonas fluorescens and the Zygomycotina. Usually, the glycolipid fractions are depleted in 13 C compared to the phospholipid fractions. The ␦ 13 C pattern was not uniform within the different fatty acids of a given microbial species. Generally, tetradecanoic acid (C 14:0 ) was depleted of 13 C compared to palmitic acid (C 16:0 ) while octadecanoic acid (C 18:0 ) was enriched. These results are important for the calibration of a new method in which ␦ 13 C values of fatty acids from the environment delineate the use of bacterial substrates in an ecosystem.
Certain components of microbial cells are used as biomarkers for microorganisms (35) . A variety of such components, ranging from those found in all cells to those specific to groups or species of microorganisms, have been identified (14) . Fatty acids in glyco-and phospholipids constitute an important group of biomarkers for microorganisms. Analysis of such fatty acids of microorganisms in biofilms, soils, sediments and water has provided a reproducible and quantitative means of defining the biomass and community structure of microbial assemblages (35) . Furthermore, compositional patterns of fatty acids have been used for the classification of bacteria (2, 23) .
In principle, fatty acids may also be used in combination with their role as biomarkers for the monitoring the carbon flux in a bacterial community through measurement of the ratios of their carbon isotopes (26, 28, 29, 34) . They are documents of nutritional history. There are several reports that the isotope ratio in the bacterial biomass agrees closely with that in bacterial substrate (1, 5, 9, 10) . It was also stated in the literature that the lipids are depleted in 13 C compared to the biomass, a phenomenon caused by the discrimination of the carbon isotopes during the oxidation of pyruvate to acetyl coenzyme A (13). Monson and Hayes determined the kinetic isotopic fractionation of carbon in the carboxy group of fatty acids in Escherichia coli (24, 26) and the fractionation during dehydrogenation of the fatty acids in Saccharomyces cerevisiae (25) . To determine some of the constants in their models, they took the isotopic fractionation constants determined in the desaturation of fatty acids in Corynebacterium diphtheriae and applied them to the yeast Saccharomyces cerevisiae.
However, no systematic investigation was conducted on the degree and strain specificity of isotopic 13 C fractionation with regard to the growth substrate. Before fatty acids can be used as chemotaxonomic markers and as indicators of substrate usage in microbial communities, such a calibration study is urgently needed. With the sensitivity nowadays available in gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) and its advantage of rapid analyses, this method is ideally suited for the analysis of the individual fatty acids. To study the depletion or enrichment of 13 C in the fatty acids in relation to the substrate, we grew 17 microorganisms-7 bacteria and 10 fungi-in a minimal medium with different isotopically defined carbon sources. To compare the microorganisms and also to apply the rules of isotopic fractionation derived from changes in ␦ 13 C values of fatty acids from microorganisms grown on substrates of the minimal media, all the strains were additionally grown in a complex medium.
liter. To validate the results, Pseudomonas sp. strain 8001 was grown and analyzed twice in all the media and some of the strains were grown twice in some of the media. To rule out the possibility that the microorganisms grew on the yeast extract of the minimal medium, the growth of all strains on minimal medium without substrate was determined. No strain showed detectable growth (within 72 h) on minimal medium without additional carbon source. Also, growth on the minimal medium with each of the four carbon sources and growth on the complex medium was compared. Only strains and substrates showing comparable growth (90% or more biomass produced compared to the complex medium and corrected for the fourfold carbon content of the complex medium) were included in the study, which excluded Brevundimonas diminuta and Sphingomonas parapaucimobilis, which did not grow on the mannose medium. All the strains were grown at 30°C in 2-liter flasks containing 200 ml of medium with rotation at 100 rpm, and the biomass was harvested in the late exponential phase after 72 h.
Polar lipid fatty acid analysis. Lipids were extracted by a modified Bligh-Dyer procedure (6) as described previously (15) . Briefly, wet cells (2 g) were suspended in methanol-dichloromethane-phosphate buffer; treated for 15 min with an ultrasonic probe; and kept overnight at room temperature. The samples were centrifuged to separate the phases, and the dichloromethane phase was dried. This total lipid fraction was fractionated by column chromatography on silica gel and sequential elution with dichloromethane, acetone, and methanol, which resulted in three fractions of different polarity: neutral lipids, glycolipids, and phospholipids. The glycolipid and phospholipid fractions were separately dissolved in 1 ml of dichloromethane-methanol and subjected to a mild-alkali hydrolysis (1 M KOH-methanol). Impurities were separated from the fatty acids by addition of 2 ml of hexane. After removal of the hexane phase, dichloromethane, buffer, and 6 M HCl were added to the aqueous phase. The organic phase was separated and dried, and the free fatty acids were methylated as described previously (15) . A 1-ml volume of n-octane containing internal standards (10 ng of n-hexadecane per ml and 12 ng of n-tetracosane per ml) was added to the dried fatty acid methyl esters (FAMEs), which were then analyzed by GC.
Bound-lipid extraction. After the total-lipid fraction was removed at the end of the modified Bligh-Dyer procedure, the aqueous phase containing the cell residue was treated with 6 M HCl to obtain the lipids, which previously had not been extracted. After overnight heating at 40°C and cooling to room temperature, an extraction was performed by adding 25 ml of dichloromethane. The dichloromethane phase was dried by filtration through a sodium sulfate-containing phase separation filter (no. 2200150; Whatman International Ltd., Maidstone, United Kingdom) and reduced in volume by rotary evaporation. These so-called bound lipids were dissolved in 1 ml of dichloromethane-methanol (1:1, vol/vol), and an aliquot of 250 l was methylated as described previously (15) .
Capillary CG analyses were performed on a Hewlett-Packard HP 5890 series II gas chromatograph equipped with a capillary column HP Ultra 2 (5% diphenylpolysiloxane 95% dimethylpolysiloxane; length, 50 m; inside diameter, 0.2 mm; film thickness, 0.11 mm). The oven program was 150°C for 2 min, 150 to 289°C at 4°C/min, followed by an isothermal period of 11 min.
MS. The GC-MS analyses were performed with a similar gas chromatograph to that described for the analysis of the polar lipid fatty acids (same column and conditions but with helium as the carrier gas) connected to a HP 5989A quadrupole mass spectrometer. The electron impact ion source was maintained at 200°C, and the quadropole temperature was 100°C. The electron energy was 70 eV. The dimethyldisulfide adducts were formed as previously described (27) to determine the position of double bonds in monounsaturated fatty acids, while silylated derivatives (Tri-Sil; Pierce, Rockford, Ill.) indicated the position of OH groups by GC-MS measurements.
Determination of ␦ 13 C values of biomass by GC-C-IRMS. 1-0.25 mg of dried biomass was combusted in an element analyzer Fisons EA 1108 with CHN packing and analyzed with the isotope ratio mass spectrometer. The analyses were run five times. The standard deviations for all these analyses were 0.1‰ or better.
GC-C-IRMS. Measurements were performed on a model 252 isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany) in triplicate. The apparatus is coupled via a combustion interface with an HP 5890 gas chromatograph. The fatty acid methyl esters were separated on a Restek Rtx-2 column (5% diphenylsiloxane, 95% dimethylsiloxane; length, 60 m; inner diameter, 0.32 mm; film thickness, 0.25 m). The column effluent was combusted on-line in an oxidation oven (copper-nickel-platinum catalyst at 980°C) and passed through a reactor with elemental copper (600°C) to reducing NO x and remove surplus O 2 . The combustion gas was dried by a water-permeable membrane (Nafion).
Notation. The standard notation for expressing high-precision gas isotope ratio MS results in ␦ being defined as follows:
where R FAME and R PDB are the 13 C/ 12 C isotope ratios corresponding respectively to the sample and to the international internal standard PeeDee Belemnite, a South Carolinian carbonate rich in 13 C (R PDB ϭ 0.0112372 Ϯ 0.0000090). The more 13 C a compound contains, the higher ␦ 13 C becomes. For the carbon isotopes, a 0.01 (1%) excess in fractional 13 C content relative to the natural abundance corresponds approximately to a ␦ PDB of 1,000‰, which is a useful order-of-magnitude approximation.
The carbon isotopic fractionation for the process of conversion of the substrate to the product in question is expressed according to the approach advocated by Hayes (18) , using the epsilon (ε) notation
where
␣ A/B is the fractionation factor, ␦ A is the ␦ 13 C of the substrate, and ␦ B is the ␦ 13 C of the fatty acid in question.
Calculation of the isotope ratios of the fatty acids. The derivatization of the fatty acids introduces one additional carbon which is not present in the parent compound and which alters the original isotope ratio of the fatty acids. However, the derivatization process introduces a distinct reproducible fraction that is constant for each fatty acid (17) .
The measured isotope ratios of the FAMEs were corrected for the isotope ratio of the methyl moiety to obtain the isotope ratios of the fatty acids. This was done by using the formula
where ␦ 13 C FA is the ␦ 13 C of the fatty acid, C n is the number of carbons in the fatty acid, ␦ 13 C FAME is the ␦ 13 C of the fatty acid methyl ester (FAME), and ␦ 13 C MeOH is the ␦ 13 C of the methanol used for the methylating reaction (Ϫ37.57‰) to calculate the isotope ratios of the fatty acids (3, 17) .
Data analysis. Polar lipid FAMEs were identified by GC-MS analyses with the FAME adducts described above for the determination of the hydroxy and double bond positions. cis-trans isomers were differentiated by comparison with retention times of standards.
RESULTS
Biosynthesis of fatty acids starts in the multienzyme complex fatty acid synthase from acetate and ends with palmitic acid (C 16:0 ). Palmitic acid is then the starting material for dehydrofatty acids and longer fatty acids, giving this specific fatty acid a central role in the biosynthesis of the vast majority of fatty acids in eubacteria and higher organisms (30) . Palmitic acid is present in all eubacteria and higher organisms (22) and we found it in all of our strains during growth in all media and in both the glycolipid and phospholipid fractions (Table 1) . It is used here as a standard to determine the depletion or enrichment in 13 C between the substrate and the fatty acids. For the interpretation of the results, it is important to know whether the isotope ratios in fatty acids depend on the growth stage of the microorganisms. Previous authors reported that apart from methane oxidizers, the isotope ratios in fatty acids are independent of the growth stage of the microorganisms. Because this observation is crucial for our study, we determined the isotope ratio in C 16:0 at different growth stages but found no significant differences (Fig. 1) . The result corroborated the findings of Summons et al. (32) .
The ␦ 13 C values determined for the individual fatty acids revealed that fatty acids were depleted in 13 C in relation to glucose in all the microorganisms examined (with the single exception of two lipid fractions of Burkholderia gladioli) ( Table 1) . The depletion was stronger within the fungi than within the bacteria. The extent of the depletion ranged from a ␦ 13 C when growing in glycerol. However, C 16:0 was depleted in 13 C in Sphingomonas trueperi, while the Zygomycotina had only a slightly changed isotope ratio during the incorporation of the carbons of glycerol into C 16:0 . The situation was also not uniform with lactose, since Brevundimonas, Burkholderia, and Pseudomonas formed C 16:0 slightly enriched in 13 C while Sphingomonas and the fungi formed C 16:0 slightly depleted in 13 C (Fig. 2) .
With mannose as the substrate, a broad range of isotope differentiation was observed. C 16:0 was enriched in 13 C by Burkholderia gladioli and all Pseudomonas spp. except P. fluorescens. 
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Sphingomonas parapaucomobilis
The two fungi belonging to the Zygomycotina showed a distinctly different isotopic fractionation from those of the Ascomycotina. To explore this outstanding effect further, three more fungi of the Zygomycotina (Cunninghamella elegans DSM 1908, Mucor circinelloides CBS 394.68, and Thamnidium elegans DSM 912) and Ascomycotina (Chaetomium cochlioides DSM 63353, Glomerella cingulata DSM 1166, and Saccharomyces cerevisiae CBS 1505) were tested in the minimal medium with mannose. The 10 fungi displayed a very broad range of isotope ratios in C 16:0 , ranging from a ␦ 13 C of 17.96‰ to 29.22‰ in the phospholipids. No clear difference could be found between members of the Ascomycotina and those of the Zygomycotina, although the latter usually formed C 16:0 more depleted in 13 C than the former did. With one exception, C 16:0 from glycolipid fractions was depleted in 13 C compared to that from phospholipid fractions corroborating our earlier findings.
Knowing the extent of the different uptake of 13 C from the individual substrates by the individual strains, the use of the different carbon sources in a complex medium (medium E in Table 1 ) with its many different types of substrates can be better understood. The data for fatty acids from the four fungal strains grown on complex medium are all very similar to those found for fatty acids from the fungi grown on glucose as the sole carbon source. These results show that the fungi all used glucose from the medium, indicated by the ␦ 13 C values of C 16:0 in the two fractions of polar lipids. In contrast to the fungi, the pattern of substrate utilization in bacteria was less obvious, since a much broader range of ␦ 13 C values was observed for their fatty acids. However, the range is very different from that observed with the same strains with glucose; therefore, glucose can be excluded as the main source of carbon for bacteria in this complex medium.
DISCUSSION
The findings in previous studies that carbon of whole bacterial cells reflect within 3‰ the ratio of substrate carbon isotopes (1, 5, 10) proved to be a rough estimate for fatty acids (Fig. 3) . Using minimal media with isotopically defined substrates, we could show that each substrate is individually processed, leading to a range of isotope ratios in the biomass and C 16:0 . Glucose showed the largest difference in carbon isotopes in C 16:0 in relation to the substrate (13) . A comparison of the variations in ␦ 13 C values of C 16:0 to the ␦ 13 C values of the substrates revealed that most microorganisms, except Sphingomonas spp., formed C 16:0 enriched in 13 C (ε Ͻ 0) when growing on glycerol. With the exception of Burkholderia gladioli, all the strains formed C 16:0 (ε Ͼ 0) depleted in 13 C while incorporating the carbons of glucose, most of them formed C 16:0 enriched in 13 C from mannose with the clear exception of P. fluorescens and the Zygomycotina, and lactose was incorporated with a carbon isotopic fractionation between ε ϭ Ϫ9 and ε ϭ ϩ4 (Fig.  2) .
A comparison of the isotope ratios of C 16:0 in the different FIG. 1. Growth curves and isotope ratios of the palmitic acid (C 16:0 ) of Pseudomonas putida in defined medium with glucose (triangles) and glycerol (circles). Biomass was determined as the optical density at 600 nm (OD 600 ) and is shown as solid symbols, whereas the isotope ratios of C 16:0 are given as open symbols. Fig. 3 , reveals differences of up to 7.5‰ (B. gladioli).
Such surprisingly large differences need further analysis because stable isotope ratios of less than 5‰ have been used in studies of the carbon flux in ecosystems (8, 11, 16) . The correlation of the isotope ratios of the fatty acids of a given lipid fraction with the ones of another lipid fraction of the same strain and carbon source revealed that all fatty acids of a lipid fraction have an offset of their isotope ratios against the other lipid fractions. This points to the biosynthesis of the polar lipids itself as the cause of the observed fractionation, and not the biosynthesis of the fatty acids. Although there are exceptions, the glycolipid fractions are usually depleted in 13 C compared to the phospholipid fractions. The bound lipids, although originating from a variety of different compounds, are more similar to the phospholipids than to the glycolipids in their isotope ratio. They usually present a lipid fraction most highly enriched in 13 C of the three types investigated in this study. Phospholipids, especially phosphatidate, play a central role in the biosynthesis of glycolipids (7, 31, 33) and bound lipids (11a, 21, 35a) . Phosphatidic acid is cleaved by phosphatidate phosphatase to diacylglycerol, which is the substrate for hexosyltransferases, opening the field to glycolipids (4). Most enzymes investigated in this respect show, to a greater or lesser extent, carbon isotopic fractionations; therefore, the isotope ratio of an end product of a biosynthesis is the sum of all these fractionations (13, 24) . This probably explains why the isotope ratio of C 16:0 obtained from the phospholipid fraction is not identical to the one from the glycolipid or bound-lipid fraction.
The discrimination of carbon isotopes was not uniform within the different fatty acids of a strain. Each strain showed its own pattern of variance within the ␦ 13 C data for the fatty acids, which also depended on the substrate. However, some empirical rules were found. For the saturated fatty acids, a pronounced shift in ␦ 13 C values was observed. Generally, myristic acid (C 14:0 ) was depleted in 13 C compared to C 16:0 while stearic acid (C 18:0 ) was enriched. The results with Rhizopus arrhizus indicated that the simple rule that the longer the fatty acid the heavier, cannot be applied in general. Here, tetracosanoic acid (C 24:0 ) is more depleted of 13 C than is C 16:0 or C 18:0 . Growing on glycerol, Pseudomonas strain 8001, P. fluorescens, and P. putida showed enriched 13 C in 9-hexadecenoic acid (C 16:17 ) and 11-octadecenoic acid (C 18:17 ) compared to C 16:0 . The fatty acids 12-octadecenoic acid (C 18:16 ) and C 18: 17, differing only in the position of the double bond, displayed different isotope ratios, pointing to the reaction of the desaturase as the source of these differences (Fig. 4) . Within the fungi, such a common pattern could not be observed, and no clear tendency for the individual fatty acids could be found. The range of ␦ 13 C values for the individual fatty acids was somewhat smaller for the fungi than for the bacteria.
Isotopic fractionation of C 16:0 of polar lipids occurs (i) during transport of the substrate into the cell and its degradation to acetate, (ii) during the synthesis of palmitic acid, and (iii) during its transportation to the membrane and its esterification to the polar lipids. From our data, it is possible to estimate the contributions of isotopic fractionation resulting from transport and degradation of the substrate, the fractionation caused by the synthesis of palmitic acid, and the fractionation resulting from the synthesis of the polar lipids. The transportation of the substrate and its breakdown to acetate is different for each substrate, and so different isotopic fractionations can be expected in a given strain. The synthesis of C 16:0 from acetate, however, is the same in a given microorganism; therefore, the isotopic fractionation should also be the same. However, the comparison of isotopic fractionation of C 16:0 from microorganisms, grown on different substrates, indicates that for most strains growing in glucose, the first part of this process may be the more important one because of the large 13 C depletion in C 16:0 , while for all the other substrates tested the synthesis of the fatty acid may be the main contribution to the isotopic fractionation in the fatty acids. One important exception to this observation is mannose; for most microorganisms, the transport and the degradation of the substrate again seem to provide the main contribution to the observed differences in isotope ratios of the fatty acids.
The same fatty acid, analyzed from different lipid fractions, shows different isotope ratios. Usually the isotope ratio in a given fatty acid obtained from the phospholipid fraction is more similar to that in the same fatty acid from the bound lipid than to that in the fatty acid from the glycolipid fraction. The glycolipid fatty acids are very often depleted in 13 C compared to those from the phospholipid or bound-lipid fraction, although some exceptions were observed. These differences cannot be explained by isotopic fractionation during the synthesis of the fatty acids but must be attributed to the biosynthesis of the polar lipid, i.e., the transportation of the fatty acid to the membrane and its esterification to the polar lipids. Therefore, the enzyme(s) responsible for the differing isotopic fractionation of the glycolipids must act after the formation of phosphatidic acid, the last common intermediate of both glycolipids and phospholipids.
This study demonstrated that the fatty acids of polar lipids document the nutritional history of the strains and can serve as powerful tools in combination with GC-C-IRMS for the study of carbon flux in microbial communities. The application of the rules derived above can help to improve the interpretation of the results obtained from complex communities utilizing a wide range of substrates. Fatty acids from polar lipids can be used to identify substrates in extracting microbial lipids from the environment and determining their stable carbon isotope ratios (19) . In this manner, it should be possible to identify bacterial substrates, especially in ecosystems where substrates have a wide range of isotope ratios. The flux of carbon in microbial communities can be studied by analyzing lipids specific to different bacterial groups (2, 28) . Potential applications of this method include the flux of nutrients into different cell types in medical research (12) and the study of the degradation of pollutants by microorganisms.
